and, therefore, against all strains of influenza, a key point in epidemic and pandemic preparedness and an important advantage over the adamantanes, which are effective only against sensitive strains of influenza A. These new drugs, if used properly, have great potential for diminishing the effects of influenza infection.
All influenza viruses bear two surface glycoproteins, a hemagglutinin and a neuraminidase, which are the antigens that define the particular strain of influenza. The variation of these molecules over time permits the virus to evade human immune responses and therefore necessitates the formulation of a new vaccine each year. The hemagglutinin is a sialic acid receptor-binding molecule and mediates entry of the virus into the target cell. The neuraminidase -the target molecule of the neuraminidase inhibitor compounds -cleaves the cellular-receptor sialic acid residues to which the newly formed particles are attached (Fig. 1 ). This cleavage releases the viruses, which can now invade new cells. Without neuraminidase, infection would be limited to one round of replication, rarely enough to cause disease. Neuraminidase may also facilitate viral invasion of the upper airways, possibly by cleaving the sialic acid moieties on the mucin that bathes the airway epithelial cells. 2 The ability of transition-state analogues of sialic acid to inhibit the influenza neuraminidase was first recognized in the 1970s, [3] [4] [5] but the design of highly effective inhibitors became feasible when analysis of the three-dimensional structure of influenza neuraminidase 6 disclosed the location and structure of the catalytic site. Potent inhibitors such as zanamivir closely mimic the natural substrate, fitting into the active site pocket and engaging the protein in the most energetically favorable interaction. [7] [8] [9] Zanamivir is administered by oral inhalation, which delivers the drug directly to the respiratory tract. Oseltamivir was developed through modifications to the sialic acid analogue framework (including the addition of a lipophilic side chain) that allow the drug to be used orally. 10 development of neuraminidase inhibitor molecules Zanamivir is not bioavailable orally and is marketed as a dry powder for inhalation. It is delivered directly to the respiratory tract through an inhaler (Diskhaler, Glaxo Wellcome) that holds small pouches of the drug. Zanamivir is highly concentrated in the respiratory tract; 10 to 20 percent of the active compound reaches the lungs, and the rest is deposited in the oropharynx. Five to 15 percent of the total dose is absorbed and excreted in the urine, 11 resulting in a bioavailability of 2 percent, a feature that is potentially advantageous in situations in which a systemic drug is undesirable. The concentration of the drug in the respiratory tract has been estimated to be more than 1000 times as high as the 50 percent inhibitory concentration (IC 50 ) for neuraminidase; in addition, the inhibitory effect starts within 10 seconds -two favorable features in terms of reducing the likelihood of emergence of drug-resistant variant viruses.
Oseltamivir is available as a capsule or powder for liquid suspension with good oral bioavailability. It is readily absorbed from the gastrointestinal tract, is converted by hepatic esterases to the active form of the compound (oseltamivir carboxylate), and is widely distributed in the body. The half-life is 6 to 10 hours. The drug is excreted primarily through the kidneys; thus, dosing must be modified in patients with renal insufficiency (Table 1) . Oseltamivir achieves high plasma levels and thus can act outside the respiratory tract.
treatment of healthy adults
An initial 1997 study 12 indicated that confirmed cases of influenza could be treated with zanamivir, demonstrating an approximately one-day reduction in the time to alleviation of symptoms. Subsequent studies [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] in widely diverse geographic locations showed that when otherwise healthy adults with influenza received zanamivir or oseltamivir within 36 to 48 hours after the onset of illness, a decrease in symptomatic illness of one to two days occurred (Table 2) . One large study in the United States evaluated the efficacy of oseltamivir treatment 18 enza was confirmed in 374 of the subjects, and oseltamivir treatment reduced the median duration of illness by more than 30 percent (from 4.3 days to 3 days) and the severity of illness by about 40 percent. There was a reduction in fever and a resolution of symptoms as soon as 24 hours after the initiation of treatment. Furthermore, treated patients had a lower frequency of secondary complications than did untreated patients. Early initiation of treatment appears to be the most important determinant of treatment efficacy, as demonstrated in the 2003 Immediate Possibility to Access Treatment (IMPACT) study, which directly investigated the relationship between the time to the initiation of oseltamivir therapy and the duration of illness and other efficacy measures in 1426 patients ranging in age from 12 to 70 years. 23 Treatment that started within the first 12 hours after the onset of fever shortened the illness by more than three days, as compared with treatment that was started at 48 hours. The initiation of treatment at intermediate times shortened the illness proportionately. The duration of fever, severity of symptoms, and time to return to normal activity also correlated with the time of antiviral intervention, leading to the clear conclusion that treatment initiated at 36 to 48 hours after the onset of symptoms does not fairly reflect the excellent outcomes obtainable * In cases in which results were collected for both influenza-like illness and laboratory-confirmed influenza, data are given for laboratory-confirmed influenza. † Comparisons were between a neuraminidase inhibitor and no therapy, unless otherwise noted. ‡ Comparisons were between a neuraminidase inhibitor at the designated time and at 48 hours after the onset of symptoms, rather than no treatment. § Patients also had a 34 percent reduction in the use of antibiotic therapy for infections of the lower respiratory tract. ¶ Patients also had a 44 percent reduction in the incidence of otitis media. with earlier treatment. A large multicenter trial in Japan extended the IMPACT results to treatment of influenza B. 25 Early administration of the drug (within 12 hours after the onset of symptoms) appreciably increased the effectiveness of oseltamivir therapy for both influenza A and B, suggesting that prompt identification of illness and initiation of treatment as early as possible should be the goal for the proper use of neuraminidase inhibitors.
therapy in the elderly
Do neuraminidase inhibitors reduce morbidity or mortality in the groups considered to be at high risk, including the elderly? A meta-analysis of trials that were conducted before 2002 13 involving influenza-positive high-risk patients older than 65 years of age or with chronic medical conditions reported that zanamivir reduced the time to the alleviation of symptoms by 2.0 days and that oseltamivir did so by about 0.5 day. A study in Canadian long-term care facilities 26 demonstrated that elderly residents -even those who had been immunized against influenza -who were given oseltamivir within 48 hours after the onset of symptoms were considerably less likely to be prescribed antibiotics, to be hospitalized, or to die. Experiments in animals suggest that the influenza neuraminidase plays a role in the synergism between influenza virus infection and Streptococcus pneumoniae, thus providing a mechanism whereby neuraminidase inhibitors might reduce the incidence of secondary bacterial pneumonia. 27 A recent analysis of 10 trials of treatment with oseltamivir (Table 2) revealed that treatment of documented influenza lowered the incidence of related complications involving the lower respiratory tract that required antibiotic therapy and lowered the hospitalization rate from influenza. 24 
therapy in children
In the first trial of neuraminidase inhibitors in children, zanamivir appeared to be effective in shortening the duration and severity of clinically diagnosed influenza symptoms in children between the ages of 5 and 12 years (Table 2) . 21 A large trial of oseltamivir treatment in children from 1 to 12 years of age with clinically diagnosed influenza of a duration of no more than 48 hours (65 percent with proven influenza 22 ) indicated that treatment reduced the length of illness by 36 hours. The incidence of otitis media, a frequent complication, was reduced by 44 percent. Oseltamivir is currently approved for therapy in children as young as one year of age (Table 1) .
prophylaxis in healthy adults
Several large, controlled studies of prophylaxis [28] [29] [30] [31] [32] [33] have demonstrated that zanamivir and oseltamivir are effective in preventing clinical influenza in healthy adults when the drugs are used either as prophylaxis after exposure for close contacts, such as household members, [28] [29] [30] 33 or as seasonal prophylaxis in the community. 31, 32 Overall, both oseltamivir and zanamivir were 70 to 90 percent effective in preventing disease when used for prophylaxis either before or after exposure for both influenza A and influenza B 13, [28] [29] [30] [31] [32] 34, 35 (Table 3) . However, only oseltamivir is currently approved for use as prophylaxis in the United States.
prophylaxis in high-risk elderly or chronically ill populations
There are fewer data on the use of these drugs to prevent disease in the most vulnerable patients, including the elderly. 36, 37 One important doubleblind, placebo-controlled, randomized study 36 demonstrated that the use of oseltamivir for seasonal prophylaxis in residential homes for elderly persons led to a 92 percent reduction in the incidence of laboratory-confirmed influenza, even though the great majority of the elderly residents had received the appropriate vaccine for the season. Thus, antiviral prophylaxis provided important additional protection to that conferred by vaccination. 36 Efforts to improve early recognition of influenza symptoms in the elderly and rapid response by staff members will enhance the effectiveness of oseltamivir prophylaxis for control of outbreaks in institutions. 26, 37 prophylaxis in children after exposure Although currently approved only for prophylaxis in children over the age of 13 years, oseltamivir appears to be very effective for postexposure prophylaxis in children as young as 1 year of age. In a prospective, randomized study that assessed the efficacy of postexposure prophylaxis together with treatment of index cases with oseltamivir 29 (Table 3) , most illness in contacts began very early (1 to 2 days) after index cases became ill. If patients with knownchildren one year old or older when compared with treating only index cases. These data highlight the importance of recognizing an exposure before viral replication has begun.
In general, zanamivir is well tolerated; studies to date suggest that adverse effects, primarily minor transient upper respiratory and gastrointestinal symptoms, develop in equal numbers of patients in drug and placebo groups (Table 4) . However, post-licensure reports indicated that zanamivir may cause cough, bronchospasm, and a reversible decrease in pulmonary function in some patients. 42 On the other hand, a well-controlled trial demonstrated that the recommended dosages of zanamivir did not adversely affect pulmonary function in patients with respiratory disorders. 20 If patients with pulmonary dysfunction do receive zanamivir, it is recommended that they have a fast-acting bronchodilator available and discontinue zanamivir if respiratory difficulty develops. Oseltamivir has few adverse effects when administered for either treatment or prophylaxis. 29 The most frequent side effects are transient nausea, vomiting, and abdominal pain, which occur in approximately 5 to 10 percent of patients. Most adverse events occur only once, close to the initiation of therapy, and resolve spontaneously within one to two days. 19 The consumption of food does not interfere with the absorption of oseltamivir and may reduce nausea and vomiting. The safety profile among elderly persons is similar to that in persons younger than 65. Dosage recommendations for both medications are presented in Table 1 . Although zanamivir currently is available only on a limited basis, future public health planning may change the availability of the drug.
A key advantage of the neuraminidase inhibitors, and a major difference from the adamantanes, is that development of resistance is very rare. The global neuraminidase inhibitor susceptibility network (NISN), which coordinates the analysis of clinical isolates collected through the World Health Organization's surveillance network, 43 found no influenza isolates with spontaneous resistance to neuraminidase inhibitors. 44 Until recently, there safety and dosage of neuraminidase inhibitors resistance to the neuraminidase inhibitors * Influenza was defined as both laboratory-confirmed influenza and influenza-like illness, unless otherwise indicated.
† Results were compared with the treatment of index cases. was little emergence of resistance during treatment and no resistant viruses isolated from immunocompetent persons who received zanamivir. For oseltamivir, the published frequency of viruses that were isolated after treatment and were resistant to the drug is somewhat higher. About 0.4 percent of treated adults harbored viruses with resistant neuraminidases. However, more resistant isolates emerged during treatment of children. One study identified resistant isolates in 4 percent of treated children, 22 and in a recent study of children treated with oseltamivir in Japan, 9 of 50 treated children harbored viruses with mutations in the neuraminidase gene that encoded drug-resistant neuraminidase proteins. 45 If this frequent emergence of resistant mutants is found to be a general occurrence in children, it is a serious concern, especially since children are an important source of the spread of influenza in the community. 46 The most clinically relevant question is whether the oseltamivir-resistant viruses are transmissible and pathogenic. To date, no documented transmission of an oseltamivir-resistant virus has occurred between people. Generally, neuraminidase mutations lead to a functionally defective enzyme, which reduces the fitness of the virus and causes decreased pathogenicity, at least in animal models. 46, 47 However, in the ferret model, resistant variants with the same mutation that is found in some children grew well in both the index ferret and in contact animals and were readily transmitted, 47 raising concern that some oseltamivir-resistant mutant viruses might be transmissible during an epidemic.
Either zanamivir or oseltamivir may be used for treatment of infection with influenza A or influenza B. Current policy issues will inform recommenstrategies for treatment * Data are from Hayden et al., 12 Monto et al., 14 Makela et al., 15 the MIST Study Group, 16 Matsumoto et al., 17 Hedrick et al., 21 Harper et al., 38 and Glaxo Wellcome. 39 The frequencies of most adverse effects were similar among patients who received a study drug and among controls who received a lactose placebo. Adverse effects are listed if they were reported by more than 1.5 percent of patients, except for serious, life-threatening symptoms, which were reported by less than 1.5 percent of patients. † Data are from Treanor et al., 18 Nicholson et al., 19 Whitley et al., 22 Hayden et al., 40 and Roche Laboratories. 41 Adverse effects are listed if they were reported by more than 1 percent of patients, except for serious, life-threatening symptoms, which were reported by less than 1 percent of patients. ‡ Data are from Hayden et al. 40 
Table 4. Percentage of Patients with Serious or Minor Adverse Effects Associated with the Administration of Neuraminidase Inhibitors.

Drug and Use Adverse Effects
Zanamivir treatment* Serious or life-threatening: Allergic or allergic-like reaction, arrhythmia, bronchospasm, dyspnea, facial edema, rash, seizure, syncope, urticaria (<1.5%)
Minor: Central nervous system: headache (2%), dizziness (2%) Gastrointestinal system: nausea (3%), diarrhea (adults, 3%; children, 2%), vomiting (adults, 1%; children, 2%) Respiratory system: sinusitis (3%), bronchitis (2%), cough (2%), other nasal signs and symptoms (2%), infection (ear, nose, and throat: adults, 2%; children, 5%)
Oseltamivir treatment † Serious or life-threatening: Aggravation of diabetes, arrhythmia, confusion, hepatitis, pseudomembranous colitis, pyrexia, rash, seizure, swelling of face or tongue, toxic epidermal necrolysis, unstable angina (<1%)
dations for the future use of neuraminidase inhibitors (and the availability of zanamivir, currently in short supply). When surveillance data indicate the presence of an epidemic in the community, either rapid laboratory confirmation of influenza infection or the typical constellation of influenza symptoms can signal the need for the initiation of treatment in adults; of clinical symptoms, the combination of fever and cough had the highest predictive value. 48 Rapid diagnostic tests, only recently readily available for use in physicians' offices, use antigen, enzyme, or nucleic acid detection methods. 49 Some assays detect only influenza A, whereas others detect both influenza A and influenza B. Results are often available in less than an hour, though the sensitivities vary considerably depending on the specific test. 50 Improved diagnostic tests are needed, particularly for elderly people with atypical presentations who may shed little virus in their secretions. Meanwhile, the results from rapid assays should be interpreted in light of the sensitivity of the particular test along with influenza surveillance data from the community. The neuraminidase inhibitors should be used only when symptoms have occurred within the previous 48 hours and, as discussed above, should ideally be initiated within 12 hours after the start of illness. An exception may be made for critically ill, hospitalized patients with influenza, in whom therapy can be considered even when more time has elapsed, though no controlled data are available to support this practice. Treatment that is based on clinical grounds alone, even in the absence of diagnostic tests, is particularly valuable for high-risk patients. Limiting the use of antiviral treatment to severely ill patients is illogical, since at the earliest stages, when therapy should be started, it cannot be predicted whether influenza in a patient will progress to severe illness. In the case of children, fever, cough, and other respiratory symptoms have little predictive value, since the important pediatric respiratory viral pathogens can cocirculate with influenza; thus, the focus needs to be on rapid access to laboratory diagnosis and initiation of therapy.
strategies for prophylaxis
Vaccination remains the primary strategy for the prevention of influenza, and the broadened recommendations should lead to protection of a larger portion of the population. However, although the neuraminidase inhibitors clearly cannot substitute for vaccination, they can be valuable adjuncts. Currently, only oseltamivir is approved for use as prophylaxis in the United States. During community epidemics, household postexposure prophylaxis with oseltamivir is suggested for unvaccinated persons, starting as early as possible but no more than two days after exposure. Wider prophylaxis in the community for up to six weeks during an epidemic (seasonal prophylaxis) is a consideration if the epidemic strain is different from that of the vaccine that was administered. The adamantanes may also be considered for this purpose if the circulating strain is influenza A. Nursing homes and other institutions should initiate institution-wide prophylaxis as soon as possible after influenza is found in the community and should provide prophylaxis to vaccinated as well as unvaccinated residents. 26, 36, 37 Obviously, the feasibility of most of the suggestions made here will depend on the availability of stockpiles of the neuraminidase inhibitors and on future public health decisions.
Exposure to influenza or illness in an infant younger than one year of age presents a quandary. The safety of oseltamivir in infants has not been established, and serious concerns have been raised by the observation that juvenile rats accumulate extremely high levels of oseltamivir in the central nervous system. 51 The immature blood-brain barrier of the human infant is permeable and might similarly allow access of the drug to the central nervous system in an unpredictable fashion. Thus, infants less than one year of age cannot be offered oseltamivir for either chemoprophylaxis or therapy unless further studies are done in the appropriate age group. Similar concerns about potential toxicity to the fetus or infant arise in the case of pregnant women or breast-feeding mothers who are exposed to influenza, though it should be feasible to target public health efforts toward vaccination of pregnant women in order to avoid this scenario.
Pandemics result from the emergence of an influenza strain to which large numbers of the population have not been exposed. A new virus that can be transmitted readily from person to person and that can cause human disease can potentially lead to an avian influenza and pandemic planning influenza pandemic. Highly pathogenic avian influenza A (H5N1) has now fulfilled two of these three criteria. Although a probable transmission of H5N1 avian influenza from an infected child to two close contacts has been reported, 52 sustained humanto-human transmission has not been documented. However, the H5N1 viruses that have now become endemic in Asian domestic fowl are being spread by wild birds and appear unlikely to be eradicable. 53 H5N1 viruses are expanding their mammalian host range, 54 and sporadic human infections with high fatality rates continue to occur in Vietnam, Thailand, and Cambodia. 55 These events increase the alarming likelihood that there will be ample opportunity for further adaptation of H5N1 to human hosts. 54, 56 Antiviral drugs form an important part of a strategy for dealing with an influenza pandemic with a new influenza virus of any origin, including avian influenza. Vaccines that are specific for newly arising strains require several months of preparation, and although the development of a vaccine against H5N1 influenza is under way, none is yet available. In the 1968 and 1977 pandemics, adamantanes were found to have a protective efficacy of around 70 percent, only slightly lower than the efficacy reported during the interpandemic period. 57 The protective efficacy of the neuraminidase inhibitors during a pandemic would be expected to be at least as high as that of the adamantanes. The markedly lower rate of emergent resistance and lack of spontaneous resistance to the neuraminidase inhibitors make them the drugs of choice. The 2004 avian H5N1 viruses are resistant to the adamantanes 58 but are sensitive to the neuraminidase inhibitors zanamivir and oseltamivir. 59,60 Thus, neuraminidase inhibitors are currently the only options for treatment or prophylaxis in humans infected with these strains. Many countries have reportedly stockpiled oseltamivir as part of their pandemic planning. However, there has been a recent report of the isolation of drug-resistant H5N1 virus from a patient treated with oseltamivir in Vietnam. 61 This observation suggests that in addition to oseltamivir, zanamivir should be included as part of pandemic preparedness. The neuraminidase inhibitors are also effective against the neuraminidase from the virus that caused the 1918 pandemic 62 and the avian viruses that caused outbreaks from 1997 to 1999. 63, 64 The fact that influenza virus is frequently transmitted from person to person during epidemics before the onset of recognizable symptoms would obviously complicate efforts to control spread during a pandemic. 65 However, several strategies are worthy of consideration. 54 Although several countries have developed policies that entail treatment of index cases (and possibly prophylaxis of health care workers and other essential workers) as the most efficient use of a limited drug supply, this strategy would not prevent spread. Surveillance might provide advance warning of a new transmissible strain, which could render it feasible to interrupt transmission at the source, delay global spread, and diminish the severity of the initial phase of a pandemic. 54, 56 Prophylaxis around a localized outbreak to limit the pandemic would require rings of prophylaxis around the contacts of index cases. 1, 66 Drug stockpiles that can be made rapidly available at the site of an outbreak are essential, and one approach may be to develop an international stockpile managed by the World Health Organization. 67 Seasonal prophylaxis and postexposure prophylaxis are other feasible strategies. Targeting high-risk groups may also be considered, although previous pandemic strains have not shown a predilection for the groups most affected during interpandemic periods. Vigilant surveillance, together with clinical and epidemiologic data rapidly applied, as with the recent case of human transmission of avian influenza, 52 should guide critical public health decisions.
Current supplies of neuraminidase inhibitors are inadequate for any proposed strategy for pandemic response, 1 even for the least satisfactory option of treating only the ill. There is little capacity to increase production in the time of need, and therefore anticipatory stockpiling of drugs and the development of efficient distribution methods in case of need are high priorities. In 2005, we have in hand greatly improved tools for surveillance and diagnosis, as well as highly effective drugs, which is a better state of affairs than that during previous influenza pandemics. Identifying feasible strategies for mass production and distribution of these antiviral agents, combined with research into the incidence and mechanisms of drug resistance, may hold the key to our ability to lessen considerably the impact of the next pandemic.
